In the present study, the variations of the salinity and water discharge in the main branches of the Ota Estuary were investigated using the Fluvial Acoustic Tomography System (FATS). The Ota Estuary has a branched section of the Gion and Oshiba. The response of the salinity variations at the branches can be described as a power-law of river discharge. The exponents -0.53 and -3.86 at the Gion and Oshiba implied significant differences in the salt intrusion variations in these branches. The mechanisms of the salt intrusion at the site study were analyzed using the salt decomposition method based on the FATS data. The results indicated that the advection is the dominated seaward mechanisms at the both branches. However, the variations in the landward directed mechanisms were influenced by the triple correlation between the salinity, water velocity and water level fluctuations.
INTRODUCTION
The salt intrusion length in an estuary is controlled by the tidal amplitude, density differences, vertical eddy viscosity and diffusivity, and channel length 1) . The variability of the salt intrusion length in estuaries has been investigated by different investigators using field measurement data or from numerical and empirical modeling. In both approaches the relation between the salt intrusion length and water discharge have been analyzed thoroughly 2), 3) . However, in the empirical modeling method the geometry variations have an important role in forecasting model 4) . The Ota Estuary is situated at Hiroshima City and encompasses the branched section of the Old Ota River and the Ota diversion channel about 9 km upstream (Fig. 1) . The freshwater runoff into the main branches is controlled by the array of floodgates, located near the bifurcation. The Oshiba-Floodgate, located in the Old Ota River, consists of a fixed weir and a movable weir with three gates (Fig. 1) . These gates are always completely opened. The Gion Floodgate which is located in the diversion channel consists of three movable sluice gates, of which usually only one sluice gate is opened. The inflow discharge at this branch is about 10-20% of the total flow rate of the Ota River on normal days 5) . This difference in the water discharge variations causes different salt intrusion mechanisms at the Ota main branches.
Recently a new method for continues measurement of cross-sectional averaged velocity and salinity which is called Fluvial Acoustic Tomography System (FATS) has been developed 5), 6) . For continuous measurement of stream flow, a few different methods of instrumentation have been proposed, e.g., acoustic velocity meters (AVMs), horizontal acoustic Doppler current profilers (H-ADCPs), and so on. The main drawback of these methods is that a limited number of velocity sample points are distributed in the cross-section of a river stream, which makes cross-sectional average velocity unreliable. The FATS was deployed at the shallow tidal channel with large changes of water depth and salinity. This measuring method has some advantages compared to competing techniques, namely accurate measurement of cross-sectional mean velocities and salinity over a long duration.
In this study the longitudinal advective and dispersive salt fluxes were estimated using FATS during November and December, 2012. Also, the details of cross-sectional velocity and salinity distribution were measured using moving boat ADCP and the salinity profiler, respectively. The purposes of this study include: 1) estimation the magnitude and direction of the advective and dispersive salt fluxes and determining the variability of these components with changes in freshwater and water level variations during the neap-spring tides, 2) realization the significant salt transport mechanisms which contribute to drive the salt transport in the study area, 3) investigation of the tidal variations and cross-sectional distributions of the velocity and salinity during a tidal cycle.
STUDY AREA
The Ota River estuary has a branched section of the Old Ota River and the Ota diversion channel about 9 km upstream from the mouth (Fig. 1) . The designed flood discharge in the Ota diversion channel and the Old Ota River are 4500 and 3500 m 3 /s, respectively. The Yaguchi Gauging Station, which is located 14 km upstream from the mouth, is not tidally modulated. The freshwater discharge before the bifurcation can be estimated by using the rating curves in this station. Also the water level fluctuations are measured at the mouth of the diversion channel (Kusatsu Station) and near the Ota bifurcation (Gion Bridge). The upstream border of the tidal compartment which shows the influenced distance of the tides, in the Ota Estuary is located about 13 km upstream far from the mouth. The tides are primarily semidiurnal, but mixed with a diurnal component.
MATERIALS AND METHODS (1) Utilization of the FATS
The measurement principle of the FATS is the same as that used in an Acoustic Velocity Meter (AVM) which is based on the "time travel" method. In AVMs, it is assumed that the acoustic path is essentially a straight line and that an accurate correlation exists between the integrated line velocity and cross-sectional averaged velocity. However, in FATS the cross-sectional averaged velocity along the transmission line is calculated using the multi-ray paths which cover throughout the cross-section. Based on the measuring principles of FATS the cross-sectional average velocities in the direction of stream flow are estimated by the following formula 5) :
where index i denotes the FATS stations AB and CD ( Fig. 1 (b) ); U is the velocity along the ray paths and θ is the angle between the ray path and the stream direction which were 30° and 28° for the stations AB and CD, respectively. The mean discharge at the stations can be calculated as the product of the mean velocity and the channel cross-sectional area as:
where h is the water elevation. In addition, the cross-sectional averaged salinity at the stations can be estimated from the sound speed measured by FATS, temperature and water level variations as 
where s is salinity, T is temperature (c), and c is the sound speed (m/s). It should be noted here that presently we do not need to notify [psu] as a salinity unit, i.e. the practical salinity adopted by the UNESCO/ICES/SCOR/IAPSO Joint Panel on Oceanographic Tables and Standards does not have dimension.
(2) Decomposition of the salinity flux
In general, net salt flux can be estimated as:
where T is tidal averaged period which is assumed 25 hours for this study, v and s are the longitudinal velocity and salinity components, respectively. A is the cross-sectional area. The temporal velocity and salinity profiles are decomposed as Gion Sluice Gates Oshiba Flood Gates I_92 3 components as:
where brackets are tidally-averaged means over a tidal cycle (T). Finally, by integrating the flux over a tidal cycle the Eq. (4) can be written in the new form as:
Each flux can be related to a separate physical process.
F
1 is the advective flux due to water discharge and change in storage during the tidal cycle. F 2 is the sloshing effect. F 3 is the cross-correlation between tide and salinity (tidal trapping). F 4 is the Stokes' drift dispersion (tidal pumping). F 5 is the salt dispersion due to mean shear produced by gravitational circulation.
(3) Subtidal variation of salinity and discharge
The salt transport in an estuary is a balance between seaward flux (advection), induced by river flow, and landward flux associated with tides and estuarine exchange flows (dispersion). The one-dimensional, along-estuary salt conservation equation is given by 3) :
where A is the local cross-sectional area and x is measured upstream from the mouth of the estuary, Q is the river flow, K H , is the longitudinal dispersion coefficient, and s is the salinity. Based on the steady-state solution for the advection-dominated estuaries, the length of salt intrusion can be estimated as 1, 7) :
where α is an empirical coefficient, β is the coefficient of saline contraction, κ v and ν v are the vertical eddy diffusivity and viscosity, respectively. s 0 is the ocean salinity. Notice that the power dependence coefficient of the salt intrusion length to discharge varies under different estuarine conditions than the theoretical value, -1/3
3), 8) .
As it mentioned before, the water discharge at the main branches is controlled using the array of gates. In this study the response of the subtidal salinity variations to changes in the upstream freshwater discharge (Yaguchi Station) at the main branches is compared.
(4) The Schedule of the Observations FATS Stations
Two couples of FATS with central frequency of 30 kHz were deployed to measure the cross-sectional averaged velocity and salinity. The first couple (Staion AB) was installed near the Gion Bridge which is located 245m downstream of the Gion sluice gates since 2008 (Fig. 1(b) ). In this site area the mean depth, width, and bed slope of the site area are about 2.3m, 125m, and 0.04%, respectively. The cross-section of channel in the site study has a trapezoidal shape with a deeper zone near the left side. As well, the tidal range varied in a range from 0.3 m to 3 m during neap and spring tides, respectively. The second couple (Station CD) was deployed at the upstream section of Ota bifurcation from November 2011 to December 2012.
CTD Station at the Oshiba Flood Gate
The salinity, temperature and water level fluctuations were observed every 10 minutes at the Oshiba Flood-Gate using CTD Diver logger from November 2011 to February 2012. We conducted this observation for the period between May and July 2012 (Fig. 1(b) ).
ADCP Campaigns
For investigating the interatidal variations in salinity and velocity we conducted short-term observations at the FATS stations. In these observations the velocity were measured using a moving boat, 1.2-MHz Teledyne RDI WorkHorse Acoustic Doppler Current Profiler (WHADCP).The depth of the cell size was 0.02 m. The water mode 11 was selected and 3 pings per ensemble were employed. Also the salinity profiles were made using Alec Electronic salinity profiler along the channel. The vertical interval of salinity samples for these profiles is 0.1m, and the salinity measuring error is approximately 0.007.
RESULTS AND DISCUSSIONS (1) Salinity and water discharge variations at the main branches
The variations of the salinity at the FATS stations and Oshiba Gate are plotted in Fig. 2(b) . The salinity fluctuations at the Gion (AB) Station were entirely controlled by the tides. The amounts of the salinity during the spring tides were decreased due to the stronger tidal mixing that damps down the salt intrusion. The salinity variations at the upstream section (CD Station) and Oshiba Gate are strongly modulated by the upstream freshwater discharge. This behavior is mainly caused by the effect of the gates operations and the freshwater ratio which enter to the main branches of the Ota Estuary. Fig. 3 shows the ratios between the temporal water discharge at the FATS stations and the Yaguchi Station. Also, the relation between the daily averaged discharge at the FATS stations and Yaguchi Station is presented in Fig. 4 . During the low flows, the I_93 discharge ratio at the Gion (AB) Station varied in a range from -21% to 45% due to the tide effect. However, during the peak events the discharge ratio is close to 20%. Fig. 5 shows the tidally-averaged salinity variations versus the Yaguchi discharge in the main branches. Generally the salinity variations at the both branches can be described as a power-law of upstream freshwater discharge. The exponents -0.53 and -3.86 at the Gion and Oshiba show that the salt intrusion in the Oshiba branch is completely sensitive to change in upstream freshwater discharge. These results indicate significant differences between the salt intrusion length variations at the upstream section of the Ota main branches. Fig. 2(d, e) indicate the variations in the salt fluxes at the FATS stations. During the whole observation period the advection component at the both stations was mostly seaward and also, it was modulated by the variations of the upstream freshwater discharge. However, the previous investigations have indicated during the normal variations of the upstream freshwater discharge the advective and dispersive fluxes generally follow the characteristics of spring-neap tidal cycles at the Gion (AB) Station. Tidal sloshing F 2 and tidal pumping F 4 fluxes always act to bring salt into the upstream section. Except the flood events, these fluxes directed landward over the observation period at the Gion (AB) Station. However, at the CD Station only the tidal pumping shows the significant contribution during the spring tides. The sloshing effect is caused via triple correlation between tidal depth, tidal current, and tidal salinity changes. So the main reasons for the low amounts of the sloshing I_94 effect comparing to the tidal pumping at the CD station is related to the low correlations between the tidal velocities, tidal salinity and tidal water level variations at this station. MacCready and Zimmerman 7, 9) pointed out that the tidal dispersion tends to increase with tidal velocity, thus pushing more salt upstream at spring tides than at neap tides. As it can be seen the tidal pumping at the CD station was increased during the spring tides. These results suggest that due to higher correlation between the tidal velocity, salinity and water level at the spring tides the saline water can be intruded to the farther distance in the upstream section of the Ota Estuary.
(2) Variations in Salt Transport Mechanisms
(3) Interatidal Variations in the velocity and salinity Fig.6 shows the results of the short-time observation on 25-26 January, 2011 at the Gion (AB) Station. S1 and S3 are located in front of the open sluice gate near the right bank, and at the deepest region of the cross-section close to the left bank, respectively; and S2 is located at the center of the channel (Fig. 1(b) ). The increasing pattern of bottom salinity at whole of the cross-section was similar during the flood tides. However, during the ebb tides the saline water at the deepest region (S3) left from the cross-section around 30 min later than shallower sections (Fig. 6(c) ). Fig. 7 shows the variations in the longitudinal (X axis) and transversal velocity (Y axis) and vertical salinity profiles within the cross-section at S1, S2 and S3 during the second tidal cycle. At hour 20, the longitudinal velocity profile at the deepest region (S3) shows a seaward movement throughout the water column. While, at the shallowest part (S1) the velocity was almost zero. This behavior was mostly associated with the freshwater flow which enters to the observation site during the ebb tides. At hour 21, the velocity was completely directed landward at the whole of the cross-section and the upward flow was enhanced in the deepest region during the last portion of flood tides (hour 22). The contribution of the transversal components of the velocity noticeably increased during the last portion of the flood tide (hours 22 and 23).This component at the center area of the cross-section (S2) exceeded the highest amounts near the surface and bottom regions of water column. This result suggests that that the upward flow has a tendency to deviate towards the right side of the channel (front of the open sluice gate), especially in deepest region of the site study (S3). Finally, at the high water situation (hour 23) the seaward flow was reinforced at the shallowest region. After that, gradually the seaward flow at the upper layer of the water column was moved into the deepest section and at the end portion of the ebb tide, the seaward flow exceeded the maximum level at this part. However, at the lower layer of the water column the velocity was significantly diminished.
The advection F 1 , and the vertical shear F 5 terms were estimated using ADCP and CTD data (Fig. 6(d) ). The results indicate that the contribution of the vertical shear term, comparing with the advection term is noticeable. In addition, there was a difference between the variation of vertical shear components at the deepest and shallowest sections. During the second tide, this term exceeds to the highest level at S1 during hour 24, when the velocity at the upper layer of this region was significantly seaward (Fig. 7) . Similarly, the maximum shear component at the deepest region occurred at the last portion of the ebb tide, when the seaward velocity was increased at this section.
CONCLUSIONS
The salinity and water discharge variations at the Ota Estuary bifurcation was investigated. The results indicated that the salinity variations at the both main branches can be described as a power-law of upstream freshwater discharge. The exponents -0.53 and -3.86 at 
I_95
the Gion and Oshiba show that the salt intrusion in the Oshiba branch is completely sensitive to change in upstream freshwater discharge. These results indicate significant differences between the salt intrusion length variations at the upstream section of the Ota main branches. Also the salt intrusion variations at the site study were investigated using the salt decomposition method based on the FATS data. The results shown the advection processes is the significant seaward mechanisms at the both FATS stations. However, the triple correlation between the velocity, water level and salinity variations have more significant role in the dispersive mechanisms at the upstream section of Ota Estuary (CD station).
The results of the short term observation at the Gion (AB) Station indicated that the contribution of vertical shear term F 5 comparing with the advection term is noticeable. In addition, there was a significant difference between the variation of vertical shear components at the deepest and shallowest sections. These results suggest that the asymmetry in the variations of vertical shear components mainly is caused by the transversal velocity circulation at the site study. 
